In order to investigate the effects of TiC and Cr 23 C 6 carbides on creep-fatigue behaviors, total strain range controlled creep-fatigue tests of TiC and Cr 23 C 6 aged AISI 321 stainless steels with the same carbide density at the grain boundary were conducted at 600 • C. It is observed that creep-fatigue life of TiC aged alloy is longer than that of Cr 23 C 6 aged alloy in the same test conditions. To verify the origin of the difference in creep-fatigue life between the two alloys, microstructural observations are conducted by scanning electron microscope (SEM) and transmission electron microscope (TEM). It is understood to be due to the strong cavitation resistance of TiC aged alloy compared with that of Cr 23 C 6 aged alloy. It is considered that formation and growth of cavities are retarded by strong interfacial affinity between TiC and matrix.
Introduction
It is well known that AISI 321 stainless steels with a higher composition of Ti than other AISI 304 stainless steels and, consequently, have good corrosion resistance as they inhibited grain boundary sensitization. [1] [2] [3] For this reason, AISI 321 stainless steels are used in core components of breeder reactors, high pressure pipes, heat exchangers in chemical plants and engine turbines in automobiles and aircrafts.
The TiC carbides that are precipitated in austenitic stainless steels satisfy two purposes: First, their precipitation limits the formation of chromium-rich M 23 C 6 type carbide at grain boundary and prevents intergranular stress corrosion. Second, if TiC carbides are presented as a fine dispersion in matrices and grain boundaries, they improve tensile and creep strength significantly at both high and low temperatures. [4] [5] [6] [7] [8] [9] Generally, the carbide at grain boundaries provides the preferential site for the cavity nucleation under creep-fatigue interaction conditions. [10] [11] [12] [13] [14] [15] [16] The higher the carbide density at grain boundaries, the shorter creep-fatigue life of materials. 13, 16) Therefore, it is known that the control of carbide density is an important factor in determining the creep-fatigue life. When Ti is added to austenitic stainless steels, TiC precipitates are observed to be uniformly formed in the grain and grain boundary. In particular, cavitation could be affected by TiC carbides at the grain boundary during the high temperature fatigue cycle. Although many researchers have investigated Ti-modified stainless steels, most studies of TiC aged 321 stainless steels have been conducted from the viewpoint of corrosion resistances. However, there are few reports that consider the mechanical effects of TiC on the low cycle fatigue interaction. 9, 17) In the present study, total strain range controlled creepfatigue tests with AISI 321 stainless steel have been conducted in order to investigate the difference in creep-fatigue * 1 Graduate Student, Korea Advanced Institute of Science and Technology.
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resistance of TiC and Cr 23 C 6 carbides in AISI 321 stainless steel with the same carbide density at the grain boundary.
Experimental Procedure
Creep-fatigue tests were carried out with AISI 321 stainless steel whose chemical composition and heat treatment conditions before fatigue testing are shown in Table 1 . After solution heat treatments, two different aging treatment conditions were designed and the steel was aged to form TiC and Cr 23 C 6 carbides, separately. For Cr 23 C 6 carbide precipitation heat treatment of (1) process is applied and for TiC carbide (2) process is conducted. When TiC and Cr 23 C 6 have the same size and density at the grain boundary, different lattice parameters of the carbides could affect mechanical properties of the alloys. After solid solution treatment for TiC carbide precipitation, the alloy was furnace-cooled to obtain the similar size and density of TiC at grain boundaries compared with those of Cr 23 C 6 obtained by the (1) process.
Total strain controlled low cycle fatigue tests with 30 minute tensile hold time at the maximum tensile strain were conducted at 600
• C. The tested total strain ranges (∆ε t ) were ±1.0, ±1.5 and ±2.0%. The number of cycles to failure, N cr was defined as the number of cycles leading to a 20% reduction in a saturated tensile peak load.
In order to observe grain boundary carbides and cavities, specimens were chilled in liquid nitrogen (LNT) to be broken by impact along the most damaged and weakest part and, then, examined with a scanning electron microscope (SEM) Jeol 840A. The morphologies of carbides were observed by a transmission electron microscope (TEM) Philips Technai F20 operated at 300 kV. TEM foils were prepared by the twin-jet method using 5 vol% perchloric acid + 95 vol% acetic acid at 15
• C, 30 V. 13, 14) Because of the fact that the fatigue lives of the two alloys are different even though they have similar carbide density and shape as shown in Fig. 1 , it is suggested that creep-fatigue lives of the two alloys may be affected by the other factors rather than by carbide density and shape.
Tensile properties
Mechanical properties of TiC and Cr 23 C 6 aged alloys are tabulated in Table 2 . It is observed that the two alloys have similar ultimate tensile strength and elongation, but differ in the yield strength. In Table 2 , the yield strength of TiC aged alloy is higher than that of Cr 23 C 6 aged alloy. This is considered to be because many TiC particles in the grain prevent dislocations to move freely. This result implies that the ultimate tensile strength is not affected by different kinds of carbides in grain boundary.
Creep-fatigue properties
The results of the creep-fatigue tests are plotted in Fig. 2 in terms of the plastic strain range with the critical number of cycles (N cr ). The plot indicates that the creep-fatigue life of TiC aged alloy is 40% longer than that of Cr 23 C 6 aged alloy at the same total strain range. As previously mentioned, when the austenitic stainless steel was tested under the creep-fatigue interaction condition, the material failed due to the accumulation of the critical amount of the grain boundary cavitation damage. [10] [11] [12] [13] [14] [15] [16] It is also well known that carbide density and morphology could seriously affect the grain boundary cavitation of austenitic stainless steels. 13, 14) However, creep-fatigue lives between the two tested alloys show remarkable difference in spite of the similar carbide density and morphology. In the next section, microstructural observation is undertaken to understand how TiC or Cr 23 C 6 carbides affect the creepfatigue life. Figure 3 and 4 show fractured surfaces of TiC and Cr 23 C 6 aged alloys that were fractured by impact at the liquid nitrogen temperature (LNT) after a creep-fatigue test at 600
Microstructural analysis
• C with ∆ε t of ±1.0% and 30 minute tensile hold. Figures 3(a) and (b) show the crack propagation regions and fractured surfaces by impact at the LNT of TiC aged alloy, respectively. Intergranular fracture modes are shown at both surfaces along the grain boundary, but the cavities and small dimples are observed in each fractured grain boundary as shown in Fig. 3(b) . Figure 3 (c) is a higher magnification of Fig. 3(b) . From this observation, it is clearly observed that the cavities and dimples are co-existing in TiC aged alloy during the creep-fatigue interaction. Figure 4 shows fractured surfaces of Cr 23 C 6 aged alloy after a creep-fatigue test. From the observation of Figs. 4(a) and (b), the intergranular fracture mode of Cr 23 C 6 aged alloy is clearer and better developed compared to that of TiC aged alloy. Also, Fig. 4(c) is a higher magnification of the fractured surface by impact at LNT as shown in Fig. 3(c) . Figure 4(c) shows the fractured grain boundary with cavities formed during the creep-fatigue loading at the Cr 23 C 6 carbides. A few secondary cracks along the grain boundaries are observed in Fig. 4(a) , and the facets are flat in Fig. 4(b) . On the other hand, the intergranular fracture mode in Fig. 3(a) is not so clear as Fig. 4(a) , and the facets are covered with many small dimples in Fig. 3(b) . It means that the fracture mode of TiC aged alloy is more ductile than that of Cr 23 C 6 aged alloy during the creep-fatigue interaction. In Fig. 4(c) , the many small cavities are formed during the creep-fatigue test and are appeared on the brittle flat facets after the impact at LNT. In Fig. 3(c) , distinct dimples are formed all over the facets of fractured surfaces by impact at LNT because less cavities and the grain boundary is more ductile. From the difference in fracture modes between TiC and Cr 23 C 6 aged alloys, it is expected that cavitation resistance between the two alloys is different with the different carbides. It is verified from the previous reports [12] [13] [14] that grain boundary cavities are continuously formed and grown with fatigue cycles under creep-fatigue interaction condition. It is also generally known that cavities are nucleated at geometrical irregularities on grain boundaries where high tensile stress concentration can be developed. In spite of the same carbide density and shape between two alloys, the degree of grain boundary cavitation is different between TiC and Cr 23 C 6 aged alloys. This implies that cavitation resistance of TiC aged alloy is stronger than that of Cr 23 C 6 aged alloy. This observation is well matched to the test results of creep-fatigue interaction.
From this observation, it is considered that cavitation behaviors may be affected by interfacial interactions between grain boundary carbides and neighboring grains near carbides. It is expected that strong interfacial affinity between carbides and matrices prevents the formation and growth of cavities. Figure 5 shows the dislocation structure of TiC and Cr 23 C 6 aged alloys after a creep-fatigue test at 600
• C with ∆ε t of ±1.5% and 30 minute tensile hold. The dislocation structure of two alloys shows cell structures. It is reported that planar or band-like dislocation arrangements are found in low temperature fatigued materials with low stacking fault energy such as austenitic stainless steels and that cell structures of dislocations are formed by cross-slip and climb at the elevated temperature. 18, 19) Cell structure of TiC aged alloy is less developed than that of Cr 23 C 6 aged alloy in Fig. 5 . It is suggested that this difference of dislocation structure is caused by small TiC particles in the matrix. Despite fully aging heat treatments conducted to obtain the same carbide density of TiC at the grain boundary and Cr 23 C 6 carbide, many small TiC carbides are precipitated in the matrix of AISI 321 stainless steel. Because the dislocation movement is retarded by these TiC carbides, the dislocation structure of TiC aged alloy with precipitates in the matrix is less developed than that of Cr 23 C 6 aged alloy without precipitates in the matrix. This present result suggests that the resistance against the grain boundary cavitation during creep-fatigue deformation of TiC aged alloy is higher than that of Cr 23 C 6 aged alloy. 
Conclusions
Total strain range controlled creep-fatigue tests of TiC and Cr 23 C 6 aged 321 stainless steels with the same grain carbide density were conducted at 600
• C in order to investigate effects of TiC and Cr 23 C 6 carbides on the creep-fatigue properties.
(1) It is observed that creep-fatigue life of TiC aged alloy is longer than that of Cr 23 C 6 aged alloy.
(2) The difference of creep-fatigue life between the two alloys is based on the strong cavitation resistance of TiC aged alloy compared with that of Cr 23 C 6 aged alloy. From microstructural observation, it is verified that formation and growth of cavities in TiC aged alloy are more retarded than those in Cr 23 C 6 aged alloy. 
